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EFFECT OF BOW-TYPE INITIAL IMPERFECTION ON TliE BUCKLING 
LOAD AND MASS OF GRAPHITE-EPOXY BLADE-STIFFENED PANELS 
W. Jefferson Stroud, Melvin S. Anderson, and Katherine W. Hennessy 
Langley Research Center 
SUMMARY 
Design studies are carried out with a structural synthesis computer code 
which accounts for first order effects of an initial bow and which can be used 
for sizing stiffened composite panels having an arbitrary cross section. The 
studies, which focus on graphite-epoxy blade-stiffened panels, examine the 
effect of a small initial bow on both the load carrying ability of panels and 
on the mass of panels designed to carry a specified load. Large reductions 
in the buckling load caused by a small initial bow emphasize the need for 
considering a bow when a panel is designed. 
INTRODUCTION 
Imperfections can have a profound effect on the stability of highly 
optimized structural systems if the imperfections are ignored during the 
structural synthesis (see, for example, ref. 1). To deal with this problem, 
a primary objective in structural design should be to account both for imper- 
fections that are likely to occur during fabrication and for damage that is 
likely to occur during service. The effects of certain forms of imperfections 
on the design of stiffened ccmpression panels made of metal are presented in 
reference 2. The effect of impact damage on the compressive strength of 
graphite-epoxy panels is discussed in reference 3. 
In the present report, one type of imperfectiotl discussed in reference 2 
- an overall bow in a panel - is examined. The structure that is studied is 
a blade-stiffened compression panel made of graphite-epoxy material. The 
effect of a bow on the load carrying ability of a minimum-mass panel designed 
for zero bow is presented. Mass-strength curves are presented for panels 
designed with and without an initial bow. The effect of extensional stiffness 
and shear stiffness requirements are investigated briefly. 
SYMBOLS 
Values are given in both SI and U.S. Customary Units. The calculations 
were made in U.S. Customary Units. 
A surface area of one period of stiffened panel, 2(b +b )L 1 2  
bk element lengths defined in figure 3 
c distance from neutral surface of panel to location where strain 
is to be calculated 
Dx smeared orthotropic bending stiffness 
E1s E2 Young's modulus of composite material in fiber direct ion and 
transverse to fiber direction, respectively 
ET longitudinal extensional stiffness of panel 
e overall bow in panel, measured at panel midlength (see fig. 1) 
G12 shear stiffness of composite material in coordinate system 
defined by fiber direction 
k integer 
L panel length (see fig. 1) 
M bending moment caused by bow in panel 
n i n t e g e r  
Nx appl ied l o n g i t u d i n a l  compressive loading per  u n i t  width of panel  
( s e e  f i g .  1 )  
N va lue  of N t h a t  causes  buckl ing 
X X 
c r  
Nx Euler buckling load of panel  E 
N va lue  of N t h a t  causes  buckl ing when no i n i t i a l  bow is presen t  
x (e=O) x 
C r 
(Nx)design va lue  of N f o r  which panel  is designed X 
t k lamina th icknesses  de f ined  i n  f i g u r e  3. 
W mass of one per iod of s t i f f e n e d  panel  
w/A 
-
L mass index 
x, y, Z coord ina te  axes  def ined i n  f i g u r e s  1 and 2 
X S  Y ,  coordinate  d i r e c t  i o n s  
'max 
maximum al lowable  value  of l o n g i t u d i n a l  o r  t r a n s v e r s e  s t r a i n  i n  
each lamina 
E s t r a i n  i n  x d i r e c t i o n  
X 
"12 Poisson 's  r a t i o  of composite m a t e r i a l  i n  coord ina te  system def ined 
by f i b e r  d i r e c t i o n  
h buckling half-wavelength 
P d e n s i t y  
ANALYSIS-DESIGN PROCEDURE 
The f e a s i b i l i t y  of including an a c r - l r a t e  buckl ing a n a l y s i s  i n  a computer 
code f o r  des igning s t i f f e n e d  composite pane l s  was demonstrated i n  r e f e r e n c e  4. 
Although based on t h e  same concepts  as t h e  code i n  r e f e r e n c e  4 - t h a t  is, non- 
l i n e a r  math programing wi th  c o n s t r a i n t s  expanded i n  Taylor s e r i e s  - t h e  code 
used t o  ob ta in  t h e  p resen t  r e s u l t s  has  a g r e a t l y  expanded c a p a b i l i t y .  I n  
a d d i t i o n  t o  any combination of inp lane  loadings ,  t h e  advanced code can t r e a t  
l a t e r a l  p ressure ,  an o v e r a l l  bow, and temperature e f f e c t s .  A r b i t r a r y  panel  
c r o s s  s e c t i o n s  a r e  p o s s i b l e  and can u s u a l l y  be generated wi th  only t h r e e  o r  
four  input  cards .  The computer code is  descr ibed i n  d e t a i l  i n  re fe rence  5. 
Two s i g n i f i c a n t  a s p e c t s  of t h e  code a r e  t h e  manner i n  which t h e  bow is 
accounted f o r  and t h e  buckling a n a l y s i s .  These two t o p i c s  a r e  d i scussed  i n  
t h e  following two s e c t i o n s .  
E f f e c t  of I n i t i a l  Overa l l  Bow 
The approach used here  t o  account f o r  t h e  e f f e c t  of an i n i t l a 1  bow i n  t h e  
panel is t h e  same a s  t h a t  used i n  re fe rence  2 (wi th  a p p r o p r i a t e  changes t o  
account f o r  laminated w a l l s ) .  The panel  i s  assumed t o  have t h e  i n i t i a l  bow 
shown i n  f i g u r e  1. The s t r e s s e s  a c t i n g  on t h e  panel  c r o s s  s e c t i o n  a r e  taken 
t o  be t h e  sum of t h e  s t r e s s  from N and t h e  s t r e s s  r e s u l t i n g  from t h e  moment 
X 
caused by t h e  bow. I n  terms of t h e  l o n g i t u d i n a l  s t r a i n  E t h i s  g i v e s  
X '  
The moment v a r i e s  over t h e  l e n g t h  of t h e  panel.  A t  t h e  midlength of t h e  panel 
t h e  moment is  l a r g e s t  and is given by 
i n  which Nx is t h e  Euler o r  wide-column buckling load of t h e  panel .  The 
E 
denominator i n  equat ion (2)  g ives  t h e  non l inear  e f f e c t  of t h e  deformation 
growing wi th  t h e  app l ied  load.  Except f o r  one wavelength, t h e  buckling calcu-  
l a t i o n s  a r e  made assuming t h a t  t h e  midlength s t r e s s e s  from equa t ions  (1) and 
(2)  a r e  t h e  s t r e s s e s  over t h e  e n t i r e  l e n g t h  of t h e  panel.  The except ion is  
t h e  buckling mode having a half-wavelength X equal  t o  t h e  panel  l eng th  L. 
For t h a t  case ,  t h e  moment M i s  considered t o  be zero .  The i n i t i a l  bow i n  
t h e  panel does n o t ,  t h e r e f o r e ,  d i r e c t l y  a f f e c t  t h e  X = L buckl ing load.  
Buckling Analysis  
The buckling a n a l y s i s  used t o  o b t a i n  t h e  r e s u l t s  presented i n  t h i s  r e p o r t  
is a s t i f f e n e d  panel  buckling a n a l y s i s  code denoted VIPASA, which is descr ibed 
i n  re fe rences  4-7. The VIPASA a n a l y s i s  treats an  a r b i t r a r y  asseolblage of 
p l a t e s  wi th  each p l a t e  loaded by an Nx, N and N loading.  The response 
Y' XY 
of each p l a t e  element making up t h e  s t i f f e n e d  panel  i s  obta ined us ing an exact  
s o l u t i o n  of t h e  t h i n  p l a t e  equat ions .  The a n a l y s i s  connects  t h e s e  i n d i v i d u a l  
p l a t e  elements and mainta ins  c o n t i n u i t y  of t h e  buckle p a t t e r n  a c r o s s  t h e  in- 
t e r s e c t i o n  of neighboring p l a t e  elements.  The s t i f f e n e d  panel  i s  assumed t o  
be uniform i n  t h e  x d i r e c t i o n  ( f i g .  1 )  and simply-supported along t h e  edges 
x = 0 and x = L. For these  reasons  t h e  buckle p a t t e r n s  i n  t h e  x d i r e c t i o n  
a r e  taken t o  be s i n e  waves whose half-wavelengths a r e  f r a c t i o n s  ( l / n )  of t h e  
panel length .  
The VIPASA a n a l y s i s  cannot t r e a t  pane l s  t h a t  a r e  curved i n  t h e  x d i r e c -  
t i o n .  The approach used i n  t h i s  r e p o r t  is t o  t r e a t  a panel  a s  i f  it were 
s t r a i g h t ,  but  t o  use  a = t r e s s  d i s t r i b u t i o n  (eqs .  (1) and ( 2 ) )  f o r  a panel  
with a bow. Also, t h e  value  f o r  N used i n  equat ion 2 i s  taken t o  be t h e  
X 
lowest buckling load f o r  X = L. E 
DESIGN STUDIES 
The loading considered i n  t h i s  r e p o r t  is  a l o n g i t u d i n a l  compressive load,  
Nx shown i n  f i g u r e  1. The lamina p r o p e r t i e s  assumed f o r  t h e  graphite-epoxy 
m a t e r i a l  a r e  given i n  t a b l e  I .  A l l  c a l c u l a t i o n s  were made wi th  a panel  l eng th  
L equal  t o  76.2 cm (30 in . ) .  The panel  was modeled wi th  four  s t i f f e n e r s  and 
wi th  symmetric boundary c o n d i t i o n s  a long t h e  unconnected l o n g i t u d i n a l  edges. 
Conf igurat ion 
The panel  c o n f i g u r a t i o n  considered i s  t h e  b lade-s t i f f ened  c o n f i g u r a t i o n  
shown i n  f i g u r e  2 .  The c o n f i g u r a t i o n  is  def ined i n  terms of t h e  element 
widths bl, b2, and b3, t h e  t h i c k n e s s e s  tl and t of 245' l a y e r s ,  and t h e  4 
th icknesses  t2,  t and t of O 0  l a y e r s .  The O 0  f i l a m e n t s  a r e  p a r a l l e l  t o  3 ' 5 
t h e  X a x i s .  A l l  l aminates  a r e  balanced and symnetric.  No o f f s e t s  were used 
i n  t h e  modeling of t h e  b lade-s t i f f ened  pane l s .  For t h a t  reason,  t h e  mathemat- 
i c a l  model is a s  shown i n  f i g u r e  3. 
The t h r e e  widths  and t h e  f i v e  t h i c k n e s s e s  shown i n  f i g u r e  3  a r e  t h e  
des ign v a r i a b l e s  i n  t h e  s t r u c t u r a l  s y n t h e s i s .  No upper o r  lower bounds were 
placed on t h e  des ign  v a r i a b l e s .  Except f o r  t h e  c a s e s  involving l o n g i t u d i n a l  
ex tens iona l  s t i f f n e s s  requirements,  t h e  l i g h t e s t  des igns  were des igns  wi th  t 2 
equal  t o  ze to .  
I n  o rde r  t o  app ly  t h e  moment t o  t h e  panel  c r o s s  s e c t i o n ,  t h e  b lade  b3 
was divided i n t o  t h r e e  elements of equa l  l eng th .  A l o n g i t u d i n a l  s t r a i n  E 
X 
was c a l c u l a t e d  from equat ions  (1) and (2) f o r  each of t h e s e  t h r e e  elements 
and f o r  t h e  s k i n  - a  t o t a l  of four  v a l u e s  of E . The r e s u l t i n g  s t r a i n  d i s -  
X 
t r i b u t i o n  on t h e  panel  c r o s s  s e c t i o n  i s  shown i n  f i g u r e  4 f o r  two d i f f e r e n t  
va lues  of  bending moment r e l a t i v e  t o  a x i a l  load.  
E f f e c t  of Bow on Buckling Load of Optimized Panel  Designed f o r  Zero Bow 
2 A panel  designed t o  support  a  load ing  of N ~ / L  = 689 kPa (100 l b f l i n  ) 
with  ze ro  bow was analyzed f o r  v a r i o u s  amounts of bow. The r e s u l t s  i n  terms 
of nondimensional q u a n t i t i e s  a r e  presented i n  f i g u r e  5. P o s i t i v e  v a l u e s  of 
e/L produce a  moment t h a t  p u t s  t h e  t i p  of t h e  b lade  i n  t e n s i o n  and t h e  s k i n  
i n  compression. For a  value  of e/L of only  0.001, t h e  buckl ing load is  
reduced by about 24 percent .  For e/L = 0.001 t h e  lowest buckl ing load occurs  
f o r  X = L/24. For e/L = -0.001 t h e  lowest  buckl ing load occurs  f o r  
X = L/3. 
Although t h e  reduc t ion  i n  t h e  bucki ing load shown i n  f i g u r e  5 is almost  
symmetric wi th  r e s p e c t  t o  e/L = 0.0, t h i s  is  not  always t h e  case .  I n  some 
des igns  f o r  which ex tens iona l  and s h e a r  s t i f f n e s s  requirements  were imposed, 
t h e  buck3.!11g load curves  were ve ry  unsynrmetric wi th  r e s p e c t  t o  e/L = 0.0. 
E f f e c t  of Bow on Panel  Mass 
The design d a t a  i n  t h i s  s e c t i o n  a r e  presented i n  t h e  form of a s t r u c t u r a l  
e f f i c i e n c y  diagram i n  which t h e  mass index - 'IA of minimum-mass pane l s  is L 
given a s  a func t ion  of t h e  load ing  index N /L. S t r u c t u r a l  e f f i c i e n c y  d ia -  
X 
grams and s c a l i n g  p r i n c i p l e s  f o r  p a n e l s  a r e  d i scussed  i n  r e f e r e n c e  8 .  Although 
r e f e r e n c e  8 is  based on a s i m p l i f i e d  buckl ing a n a l y s i s ,  t h e  s c a l i n g  p r i n c i p l e s  
apply  equa l ly  w e l l  f o r  t h e  type of a n a l y s i s  used i n  t h i s  r e p o r t  - inc lud ing  
t h e  e f f e c t  of t h e  bow. 
Buckling requirements.-  The d a t a  a r e  presented i n  f i g u r e  6. The s o l i d  
l i n e s  rkpresen t  panels  t h a t  have only  a buckl ing requirement .  No m a t e r i a l  
s t r e n g t h  requirements a r e  imposed. (For comparison, a h a t - s t i f f e n e d  panel  
l i n e  is a l s o  shown. The l i n e  is taken from r e f e r e n c e  4 where m a t e r i a l  proper-  
t i e s  d i E f e r  s l i g h t l y  from those  used i n  t h i s  r e p o r t . )  The pane l s  a r e  designed 
f o r  t h r e e  va lues  of t h e  bow parameter:  e/L = 0.0, +0.001, and '0.003. The 
curves  f o r  which e/L = +0.001 and t0.003 r e p r e s e n t  accep tab le  des igns  f o r  
two load c o n d i t i o n s  - (1) t h e  des ign  load ing  wi th  a p o s i t i v e  va lue  of e /L,  
( 2 )  t h e  des ign  loading wi th  a n e g a t i v t  value  of e/L. I n  o t h e r  words, t h e  
panels  c a r r y  t h e  des ign load whether t h e  bow is  p o s i t i v e  o r  nega t ive .  The 
i n c r e a s e  i n  mass required t o  des ign  f o r  t h e  bow v a r i e s  wi th  t h e  loading.  
2 Ligh t ly  loaded pane l s  ( N ~ / L  = 68.9 kPa (10 l b f l i n  ) )  with  r / L  = '0.003 a r e  
about 27 percent  heav ie r  than pane l s  wi th  no bow. Heavily loaded pane l s  
2 ( N ~ / L  = 6890 kPa (1000 l b f / i n  ) )  a r e  about 17 percent  heav ie r .  
Buckling and m a t e r i a l  s t r e n g t h  requirements.-  - The dashed curves  r e p r e s e n t  
t h e  e f f e c t  of m a t e r i a l  s t r e n g t h  requirements  which, f o r  t h e s e  c a s e s ,  a r e  
maximum a l lowable  lamina s t r a i n s .  l b o  s e t s  of a l lowable  s t r a i n s  a r e  consid- 
ered.  The f0.004 des igna t ion  means t h a t  f o r  t h e s e  pane l s  t h e  l o n g i t u d i n a l  
and t r a n s v e r s e  s t r a i n s  i n  any lamina do no t  exceed +O.bil.. A s i m i l a r  d e f i n i -  
t i o n  a p p l i e s  t o  .lie +0.005 curves .  The a l lowable  shea r  s t r a i n  is  0.01 f o r  
both s e t s  of a l lowable  s t r a i n s ;  however, f o r  t h e s e  s t u d i e s ,  shear  s t r a i n  i s  no t  
an  a c t i v e  des ign  requirement. For c l a r i t y ,  des ign curves  incorpora t ing  mate- 
r i a l  s t r e n g t h  requirements a r e  no t  shown f o r  t h e  e / ~  = fO.OO1 case .  An i n i -  
t i a l  bow has  a l a r g e  e f f e c t  on t h e  load a t  which m a t e r i a l  s t r e n g t h  considera- 
t i o n s  become important.  Consider, f o r  example, a maximum s t r a i n  requirement of 
+0.004. For e / ~  = 0.0 t h e  m a t e r i a l  s t r e n g t h  requirement begins  t o  have an  
2 
e f f e c t  a t  N /L equal  t o  about 2760 kPa (400 l b f  / i n  ) . For e/L = f0.003 
X 
t h e  m a t e r i a l  s t r e n g t h  requirement begins  t o  have an e f f e c t  a t  N /L  equal  t o  
2 X 
about 689 kPa (100 l b f  / i n  ) . 
Buckling and S t i f f n e s s  requirements.- The two symbols i n  f i g u r e  6 a t  
N ~ / L  = 689 kPa (100 l b f / i n 2 )  r e p r e s e n t  two pane l s  t h a t  have s t i f f n e s s  requ i re -  
ments similar t o  requirements i n  a commercial a i r c r a f t  wing pane l  ( r e f .  9 ) .  
The requirements a r e  : 
6 Longitudinal  ex tens iona l  s t i f f n e s s  ET = 368 M N / ~  (2.10 x 1 0  l b f l i n )  
5 
shear  s t i f f n e s s  GT = 61.3 M N / ~  (3.50 x 1 0  l b f l i n )  
Both panels  have both s t i f f n e s s  requirements.  The l i g h t e r  panel  is designed 
f o r  e/L = 0.0; t h e  hcavi:r  panel is designed f o r  e/L = f0.003. The panel  
designed f o r  t h e  i n i t i a l  bow is about 1.4 pe rcen t  heav ie r  than t h e  panel 
designed f o r  zero bow. Houever, i f  t h e  panel  designed f o r  .era bow is  
analyzed a s  i f  i t  had a bow of e/L = 0.003, i t  buckles  a t  ahout 53 percent  of 
t h e  design load.  
Panels designed f o r  a bow and f o r  ze ro  bow.- Another way of s tudying t h e  
e f f e c t  of a bow on panel mass is  t o  examine on a s t r u c t u r a l  e f f i c i e n c y  diagram 
t h e  loading a t  which a panel  designed f o r  ze ro  bow f a i l s  when an i n i t i a l  bow is  
present .  That information i s  presented i n  f i g u r e  7 .  The s o l i d  l i n e s  a r e  f o r  
panels  designed f o r  e/L = '0.003. The dashed l i n e s  a r e  f o r  pane l s  designed f o r  
zerc  bow. The long dashes a r e  f o r  pane l s  analyzed f o r  ze ro  bow; t h e  s h o r t  
dashes a r e  f o r  these  same panels  analyzed wi th  a bow of e/L = '0.003. The 
s h o r t  curves a r e  f o r  pane l s  with t h e  ex tens iona l  and shear  s t i f f n e s s  requ i re -  
ments given e a r l i e r .  The longer curves  have no s t i f f n e s s  requirement.  I n  a l l  
cases  a maximum s t r a i n  requirement c ~ f  '0.004 i s  imposed. 
The d i f f e r e n c e  between t h e  s o l i d  curve and t h e  corresponding curve 
composed of s h o r t  dashes i n d i c a t e s  t h e  mass saving provided by designing a 
panel  t o  meet a bow requirement r a t h e r  than accep t ing  a knockdown. I n  t h e  c a s e  
of t h e  panels  designed wi thout  a s t i f f n e s s  requirement t h e  mass saving is  
smal l  ex rep t  i n  t h e  h e a v i l y  loaded reg ion .  I n  t h e  c a s e  of t h e  panels  designed 
t o  meet t h e  s t i f f n e s s  requirements,  t h e  mass sav ings  a r e  n e g l i g i b l e  i n  t h e  
left-hand p o r t i o n  of t h e  d a t a ,  where t h e  s t i f f n e s s  requirements  dominate t h e  
des ign;  however, i n  t h e  r i g h t  hand p o r t i o n  of t h i s  same d a t a ,  s u b s t a n t i a l  
d i f f e r e n c e s  can e x i s t .  The d i f f e r e n c e s  a r i s e  because t h e  pane l s  designed 
without a bow have v a r i o u s  c o n f i g u r a t i o n s  of e s s e n t i a l l y  t h e  same mass. When 
t h e s e  conf igura t ions  a r e  analyzed wi th  a bow, t h e  s c a t t e r  i n  t h e  load-carrying 
a b i l i t y  produces t h e  cross-hatched a r e a .  The two symbols i n  t h e  s t i f f n e s s  
des ign d a t a  a r e  an  example of t h e  reduc t ion  i n  t h e  buckl ing load caused by a 
bow. 
Buckling Response of Pane l s  Designed f o r  a Bow 
Panels designed f o r  a bow have a c h a r a c t e r i s t i c  buckl ing response  d ia -  
gram. An example is shown i n  f i g u r e  8. This  example i s  f o r  t h e  panel  de- 
2 
signed f o r  N /L = 689 kPa (100 l b f / i n  ) and e/L = '0.003. The mass-strength 
X 
d a t a  f o r  t h i s  c a s e  is  included i n  f i g u r e s  6 and 7 .  A s  s t a t e d  e a r l i e r ,  t h e  
panel  c a r r i e s  t h e  des ign  load wi th  e i t h e r  a p o s i t i v e  o r  nega t ive  bow. The 
buckling load of t h i s  panel  a s  a f u n c t i o n  of buckling half-wavelength is  shown 
i n  f i g u r e  8 f o r  t h e  p o s i t i v e  bow (0.003),  nega t ive  bow (-0.003), and f o r  ze ro  
bow. 
Buckling response  f o r  e/L = 20.003.- The c i r c u l a r  symbols and square  
symbols r epresen t  t h e  buckl ing response of t h e  panel  when i t  is analyzed wi th  
e / ~  = -0.003 and e/L = +0.003, r e s p e c t i v e l y .  For a p o s i t i v e  bow - t i p  of 
b lade  i n  t ens ion  and s k i n  i n  compression - t h e  lowest  buckl ing load occurs  
f o r  A = L/19. For a nega t ive  bow, t h e  lowest  buckl ing load occurs  f o r  
X = LIZ, L/3, and L / 4 .  It  w r s  expla ined e a r l i e r  t h a t  t h e  bow does n e t  
d i r e c t l y  a f f e c t  t h e  buckling load f o r  A = L. For t h i s  reason,  t h e  panel  has  
the  same buckling load a t  X = L f o r  both t h e  p o s i t i v e ,  nega t ive ,  and ze ro  
bow. A s  seen i n  f i g u r e  8 ,  t h e  buckl ing load f o r  X = L is  s u b s t a n t i a l l y  
h igher  than the  des ign  load .  That l a r g e  margin on o v e r a l l  buckling is  charac- 
t e r i s t i c  of p a i d s  designed us ing  t h e  proc?.lure descr ibed i n  t h i s  r e p o r t  f o r  
an  i n i t i a l  bow. The l a r g e  margin i s ,  howevar, somewhat f i c t i t i o u s .  If t h e  
buckling load f o r  1 = L were reduced s l i g h t l y ,  t h e  panel  would no longer  
c a r r y  t h e  des ign load ;  i t  would immediately f a i l  wi th  one of t h e  buckl ing 
half-wavelengths mentioned above - depending upon t h e  s i g n  of t h e  i n i t i a l  bow 
i n  t h e  panel . 
Buckling response f o r  e/L = 0.0.- The t r i a n g u l a r  symbols r e p r e s e n t  t h e  
buckling response of t h e  panel  when i t  is analyzed wi th  e /L = 0.0. The d a t a  
g ives  an i n d i c a t i o n  of t h e  margins t h a t  must be placed on t h e  buckl ing l o a d s  
a t  t h e  va r ious  half-wavelengths t o  enable  a pane l  t o  suppor t  t h e  des ign  load 
i f  a bow is presen t .  
DESIGN IMPLICATIONS 
Ca lcu la t ions  presented i n  t h i s  r e p o r t  have shown t h a t  a s l i g h t  bow can 
cause a s u b s t a n t i a l  r educ t ion  i n  t h e  buckl ing load of a graphite-epoxy blade- 
s t i f f e n e d  panel .  S imi la r  r educ t ions  probably e x i s t  f o r  o t h e r  c o n f i g u r a t i o n s .  
The i n i t i a l  bow may be  t h e  major reason t h a t  t h e  h a t - s t i f f e n e d  panel  of 
r e fe rence  10  f a i l e d  a t  loadings  l e s s  than t t e  des ign  load.  (See tab12 V I ,  
r e f .  10.)  
Since a s l i g h t  bow ( l i k e  o t h e r  imperfecti.ons) i s  v i r t u a l l y  unavoidable,  
i t  is important t o  account f o r  t h e  p o s s i b i l i t y  of a bow when t h e  pane l  is 
designed. I n  some c a s e s  ( s e e  f i g .  7)  a panel  designed f o r  a n  i n i t i a l  bow may 
be only s l i g h t l y  l i g h t e r  than a panel  designed f o r  ze ro  bow but  wi th  a knock- 
down f o r  t h e  bow. I n  o t h e r  cases  t h e  d i f f e r e n c e s  may be g r e a t e r .  S ince  
des igning f o r  an  i n i t i a l  bow is t h e  s t r a igh t fo rward  approach and s i n c e  i t  w i l l  
always provide some mass saving,  t h a t  approach is recommended. 
I n  re fe rence  2 i t  was found t h a t  w e l l - b u i l t  aluminum pane l s  could be 
designed f o r  e / ~  = +0.001. A t  p r e s e n t ,  manufacturing techniques  f o r  g raph i t e -  
epoxy panels  a r e  not a s  we l l  developed as  they a r e  f o r  aluminum pane l s .  Addi- 
t i o n a l  d a t a  a r e  required t o  determine t h e  t r ade-of f s  between l i g h t ,  w e l l - b u i l t  
graphite-epoxy panels  t h a t  have a smal l  e /L and h e a v i e r ,  cheaper g raph i t e -  
epoxy panels  t h a t  have a l a r g e r  e / ~ .  
CONCLUDING REMARKS 
An analys is-des ign procedure which accounts f o r  f i r s t  o rder  e f f e c t s  of 
an i n i t i a l  bow and which can be used f o r  s i z i n g  s t i f f e n e d  composite paneis  
subjected t o  combined loadings  has been developed and exerc i sed .  The proce- 
dure is  based on a r igorous  buckling a n a l y s i s  and i s  r - p l i c a b l e  t o  pane l s  
having an a r b i t r a r y  c r o s s  s e c t i o n .  The procedure is  descr ibed b r i e f l y  i n  t h i s  
r epor t  and is presented i n  d e t a i l  i n  r e f e r e n c e  5. 
Design s t u d i e s  c a r r i e d  out  wi th  t h e  procedure focus  on graphite-epoxy 
blade-s t i f fened panels.  These s t u d i e s  show t h a t  a s l i g h t  i n i t i a l  bow can 
cause a s  much a s  a 47 percent  r educ t ton  i n  t h e  buckl ing load.  Such a reduc- 
t i o n  emphasizes t h e  need f o r  cons ider ing  a bow when a panel i s  designed. 
S t r u c t u r a l  e f f i c i e n c y  diagrams i n d i c a t e  t h a t  t h e r e  can be a s u b s t a n t i a l  mass 
penal ty  f o r  panels  designed f o r  a bow. M a t e r i a l  s t r e n g t h  requirements become 
a c t i v e  design requirements a t  much lower loads  when a panel has  a bow than 
when i t  has  no bow. 
The present  r e p o r t ,  toge ther  wi th  re fe rence  5 ,  con t inues  t o  demonstrate 
t h a t  a panel des ign procedure wi th  a h igh q u a l i t y  buckling a n a l y s i s  and wi th  
complete g e n e r a l i t y  of c o n s t r a i n t s  i s  p r a c t i c a l .  Such procedures can be used 
t o  avoid premature f a i l u r e  from complex buckling modes a ~ ~ d  t o  determine mass 
and propor t ions  of n e l s  f o r  m u l t i p l e  des ign load cond i t ions  and c o n s t r a i n t s .  
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TABLE I. - PROPERTIES OF GRAPHITE-EPOXY MATERIAL 
















Value in U.S . 
Customary Units 
.0571 lbmlid 
6 19.00 X 10 psi 
6 1.89 X 10 psi 
6 
.93 X 10 psi 
.31 
( positive bow 1 
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